Microbial fuel cells (MFC) and membrane bioreactors (MBR) are promising technologies for wastewater treatment. However, both of them have some drawbacks and application limitations. A cost-effective hybrid system (EMBR) integrating MFC with MBR was evaluated in terms of treatment performance and membrane fouling. In this paper, two electric field directions with a membrane module in the middle were applied to explore the mechanism of membrane fouling mitigation in EMBRs. In both configurations of EMBRs, microbial activity and degradation ability of activated sludge for chemical oxygen demand and NH 4 þ ÀN removals could be enhanced compared with those for the controlled MBR. In addition, the irreversible resistance significantly decreased, especially in the EMBR(À) with a longer operation time. Furthermore, two critical factors, namely enhanced bioflocculation and electrophoresis forces, were compared based on key parameters (zeta potential, particle size distribution and extracellular polymeric substances). The electrophoresis forces made a greater contribution to fouling alleviation than that conducted by the enhanced bioflocculation. The results suggested that EMBR, as a promising wastewater treatment technology, improved effluent quality and reduced energy consumption.
INTRODUCTION
High performance on simultaneous nitrogen and phosphorus removals has been achieved in anoxic/oxic membrane bioreactors (MBR) (Fu et al. ) . However, membrane fouling limits the wide application of MBR (Kim et al. ) . Current approaches to reduce fouling include increasing the aeration rate, frequently cleaning the membrane module, optimizing operating parameters and modifying activated sludge characteristics (Khalid & Maria ) . These strategies can impede the deposition of particles on the membrane surface and/or membrane internal clogging (Meng et al. ; Hwang et al. ) . As the negative charges are produced by the ionization of anionic functional groups (Liu & Fang ) , flocs and extracellular polymeric substances (EPS) in activated sludge, the utilization of an electric field can effectively mitigate membrane fouling. A high voltage electric field is conducive to suppressing fouling but with too high energy consumption (Kim et al. ) . On the other hand, relatively lower electric intensity may enhance the activity of microorganisms, increase the treatment capacity and avoid the possible negative effects of high voltage. Liu et al. () demonstrated that the minute electric field (0.036 V/cm and 0.073 V/cm) could repulse the negatively charged particles from the membrane surface and modify the sludge properties, then decrease the membrane fouling rate.
The microbial fuel cell (MFC) is a promising technology that converts chemical energy into electricity (Logan et al. ) . However, the effluent quality of the MFC can not meet the strict effluent requirements. On the other hand, it is difficult to collect and use the electricity produced by an MFC effectively. It has been indicated that combining MBR with MFC has been proposed to reduce membrane fouling and improve the effluent quality (Tian et al. ) , but the application of the generated power was neglected.
A novel MFC-MBR (EMBR) integrated system has been proposed to obtain energy from the wastewater and enhance permeate flux in this study. Two electric field directions were firstly employed to explore the membrane fouling mitigation mechanism caused by electrophoresis forces and enhanced bioflocculation. Electrophoresis and electrostatic repulsion could only partially explain the impacts of electronegative colloids or particles on fouling reduction. Thus, another key factor (i.e. enhanced bioflocculation), which was related to the decrease in irreversible resistance, was also proposed and discussed regarding the related sludge performance parameters including zeta potential, particle size distribution (PSD) and EPS.
METHODS

Integrated MFC-MBR system (EMBR)
The EMBR(À) system consisted of an anoxic/oxic membrane reactor and a dual-chamber MFC, while the EMBR(þ) system was set up with the same configurations except that the connection between the electrodes in the MBR and MFC was opposite and the controlled MBR (CMBR) was without an MFC. The effective volumes of each group of anoxic tank and aeration tank were 13.8 L (Φ 19 cm × 45 cm) and 17.5 L (20 cm × 20 cm × 45 cm), respectively. The effective filtration area of polyvinylidene fluoride hollow fiber membrane (pore size 0.22 μm, Tianjin Motimo Membrane Technology Co., Ltd, China) was 0.25 m 2 . In the oxic tank of the EMBR system, two graphitic plates (25 cm × 10 cm × 1 cm) were placed on the opposite side of the reactor as one electrode, while a graphitic rod (diameter 0.6 cm, length 20 cm) was fastened in the center of the membrane module as another electrode. All of the peristaltic pumps were controlled by programmable logic controller (PLC). Schematic diagrams of the experimental setup are shown in Figures 1 and 2 .
For the MFC section, a double-chamber MFC was applied in this study. The effective volume of each chamber (10 cm × 10 cm × 25 cm) was 2.2 L. The anode and bio-cathode were separated by a cost-effective ultrafiltration membrane (PES. MWCO ¼ 30 k, Shanghai SINAP Membrane Technology Co., Ltd, China) to replace the proton exchange membrane (PEM). Each electrodes was a piece of carbon felt (126 cm 2 , Beijing Fengxiang Technology Co., Ltd, China) without any pretreatment, and was connected through a 1,000 Ω resistor. The cell voltage was recorded automatically every 15 min using a data acquisition system (USB-FS1208, Measurement Computing™, Hungary). A saturated calomel electrode (232-01, INESA Scientific Instrument Co., Ltd, China) was used as the reference electrode for electrode potential measurement, and the distances to its anode and cathode were both 3 cm. The aeration rate of the cathode chamber was controlled at 78 L/h using an aeration pump with a gas flowmeter, while the influent flow rate was 0.3 L/h using a peristaltic pump (BT100-2 J, Baoding Longer Precision Pump Co., Ltd, China). Both anode and cathode were fed with the synthetic wastewater. The hydraulic retention time was about 7.3 h.
Operating conditions
The EMBR was fed by synthetic wastewater containing 900 mg/L glucose, 90 mg/L NaHCO 3 , 90 mg/L NH 4 Cl, 38 mg/L KH 2 PO 4 , 90 mg/L urea, 36 mg/L MgSO 4 , 18 mg/L MnSO 4 , 450 mg/L NaCl, 75 mg/L detergent, 300 mg/L soybean oil, 0.75 mg/L FeCl 3 and 18 mg/L CaCl 2 . The activated sludge was taken from Jizhuangzi Wastewater Treatment Plant (Tianjin, China). The mixed liquor suspended solids (MLSS) of the three MBRs were almost the same at about 6,276 ± 437 mg/L. The three MBRs were operated in the same condition for comparison. An intermittent mode (8 min 'on' and 2 min 'off') was adopted, which was controlled by the PLC (Siemens, Germany). Air flow rate was 0.20 m 3 /h. The sludge was returned to the anoxic tank every 2 h for 10 min at the reflux ratio of 100%. The membrane flux was maintained at 10 L/(m 2 ·h) using a peristaltic pump. The trans-membrane pressure (TMP) was measured using a pressure sensor (MBS 3000, Danfoss, Denmark). The membrane was taken off from the reactor for physical cleaning with running tap water when TMP reached 70 kPa.
Analytical methods
The anode and cathode potentials were measured against a saturated calomel electrode (þ0.245 V vs. standard hydrogen electrode). Current density, power density, Coulombic efficiency (CE) and internal resistance (R int ) were calculated as previously described (Logan et al. ) .
During the operation, chemical oxygen demand (COD), ammonium nitrogen (NH þ 4 ÀN) and MLSS were measured according to the standard method (APHA, AWWA & WPCF ). The PSD of the activated sludge was measured by Malvern Mastersizer 2000 (Malvern Instruments, UK), and the zeta potential was determined by Zetasizer Nano 1000 (Malvern Instruments, UK). The activated sludge was shaken to obtain small particles, and the supernatant was sampled after 10 min for zeta potential measurement. The soluble microbial products (SMP), loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) were extracted by heating (Li & Yang ) and analyzed for the contents of protein and carbohydrate. The carbohydrate and protein concentrations in EPS were determined by the anthrone colorimetry method, with glucose as a standard sample and the coomassie blue staining method with bovine serum albumin as the standard reference, respectively (Khalid & Maria ) . The sum of carbohydrate (EPS c ) and protein (EPS p ) was regarded as the total EPS concentration (EPS t ), and this naming method was also applied to SMP (i.e. SMP c , SMP p and SMP t ). The specific oxygen utilization rates (SOURCOD) of sludge samples (50 mL each) collected from three aeration tanks were measured to determine the sludge activity. The resistance of the fouling layer can be calculated by Darcy's law as follows:
where J is membrane flux (m 
RESULTS AND DISCUSSION
Electricity generation performance
The MFC was incubated at an external resistance of 1,000 Ω. The voltage of the MFC became relatively stable at 0.545 ± 0.010 V, and the polarization curve was then measured (Figure 3) . The open circuit voltage of the MFC was 0.735 V and the maximum power density was 36.08 mW/m 2 (normalized to the cathode area). The output power achieved in this test was matched with previous MFCs of a similar design (Kim et al. ) . The internal resistance of the MFC was calculated to be about 297.08 Ω according to the highest power density. After the voltage kept stable for about 15 days, the 1,000 Ω resistance was replaced by electrodes in the MBR. For the EMBR(À) system, two graphitic plates were connected to the positive pole (bio-cathode of the MFC) through copper wire, while linking the graphitic electrode with the negative pole (the anode of the MFC). After that, the voltage was raised to a higher level (0.605 V). A high value of load resistance between the two electrodes in the MBR could be deduced based on the polarization curve. Meanwhile, a relatively larger fluctuation could be observed after altering the external circuit from the voltage curve (Figure 4(a) ), which might be attributed to the dynamic resistance between the two electrodes in the intermittent effluent and reflux modes compared with a constant resistance. Figure 4 (b) delineates that the absolute electrode potentials of the anode and cathode had a slight rise (average improve 0.012 V and 0.048 V, respectively). While linking the graphitic electrode, the COD removal efficiencies of the anode and cathode averaged 68.84 ± 5.32% and 7.03 ± 0.35%, respectively, with corresponding CEs of 10.06 ± 1.02% and 98.09 ± 4.65%, respectively. The relatively low value of CE at the anodes showed that most of the organic matter was removed through other microbial processes, such as methanogenesis. Similar results could be observed in the EMBR(þ) system.
Evaluation of operational performance
The operational performances of CMBR, EMBR(À) and EMBR(þ) are listed in Table 1 . The turbidity and suspended solids concentration in the effluent were tested every day. The effluent turbidity of the three systems was almost the same and below 0.5 NTU, owing to the good retention of particulate matter by the MBR. The soluble COD and NH þ 4 ÀN concentrations in the anoxic tank and effluent were measured every 2 days. Because of the high sludge retention time of MBR and the anoxic-oxic process, high COD and NH þ 4 ÀN removal efficiencies of CMBR (93.1% and 80.9%, respectively) were achieved. By applying an electric field produced by MFC, the anoxic tanks of the two integrated systems EMBR(À) and EMBR(þ) realized significant improvements in COD removal (6.3% and 5.0%, respectively) and NH All these experimental results demonstrated that the metabolisms of microorganisms in the two combined systems were enhanced with the applied electric field intensity of 0.060 V/cm in two different directions in this study, which might be due to electron transmission during the COD and NH þ 4 ÀN degradation process being promoted by employing a suitable electric field intensity. These results were confirmed by the batch tests. The oxygen utilization rates of sludge (SOURCOD) were 11.02, 10.88 and 9.58 mg O 2 /(g·MLSS·h), respectively, for the sludge from the aeration tanks of EMBR(À), EMBR(þ) and CMBR, respectively.
Membrane fouling mitigation
TMP variations of the three MBRs are illustrated in Figure 5 . All MBRs were operated at the same constant flux of 10 L/(m 2 ·h). The membrane modules were removed for physical washing after TMP exceeded 70 kPa. As shown in Figure 5 , they were physically washed two times and three cleaning cycles were performed. It was obvious that the fouling propensity of the membrane in the EMBR(þ) was the highest, which only lasted for 372 h during the entire operative time of three cycles (Table 2) , showing a reduction of 32.61% compared to that of the CMBR. The slowest fouling was found with the EMBR(À), which was operated for 786 h, a 42.39% increase compared to the CMBR. Hence, it was proved that the weak electric field was effective in maintaining the electrophoresis and electrostatic attraction/repulsion against electronegative sludge particles or colloids by comparing two combined systems under different electric fields with the CMBR. As displayed in Figure 5 , a two-phase TMP evolution (Zhang et al. ) for MBRs can be observed. Phase 1 was a relatively long period for slow TMP rise, which might be attributed to the accumulation of organic matter, including deposition of sludge particles and metabolite produced by biofilms attached to the membrane surface. Phase 2 performed a sudden rise in TMP, which was mainly driven by suspended flocs. In this phase, the overall permeate productivity was redistributed to the less fouled membrane areas or pores, leading to local flux increases exceeding the critical flux. The gradual fouling rate and rapid fouling rate could be employed to compare the growth rate of the fouling layer (Wu & Huang ) . In this sense, the operating time of the two phases (especially in phase 1) from the three systems was significantly reduced in the following cycles, confirming the theory that foulants were easily attached on the fouled membrane surface compared to those on a fresh membrane surface. Besides, the membrane resistance and operating time are analyzed in Table 2 . Membrane filtration irreversible resistances (R ir ) were calculated according to Darcy's law. In both EMBRs, the values of R ir presented similar results and increased relatively more slowly than those for the controlled system, indicating that EMBR could effectively retard pore blocking and restrain the formation of R ir , which was irrelevant to the direction of the electric field. Hence, other factors should be further investigated.
Mechanism of membrane fouling mitigation
As mentioned above, it can be deduced that the electric field (0.060 V/cm) produced by MFC did conduct effective repulsion/attraction for electronegative particles and colloids by comparing the TMP variations of the CMBR with those of the two coupled systems employing electric fields in absolutely opposite directions. In order to further clarify the mechanism of membrane fouling mitigation, experiments about the major properties (i.e., zeta potential, PSD and EPS) of the activated sludge in the MBR were conducted.
Some studies have manifested that EPS had a positive correlation with membrane fouling during MBR operation (Wu & Lee ; Kim et al. ) . EPS in the mixed liquor consists of soluble EPS and bound EPS. It has been widely accepted that the soluble EPS is identical to SMP and the bound EPS can be subdivided into LB-EPS and TB-EPS (Tian et al. ) . Table 3 shows that SMP and EPS concentrations significantly decreased in the EMBR compared with those in the CMBR.
The SMP p /SMP c ratios of the EMBR(À) and EMBR(þ) were 1.03 and 0.99, respectively, higher than that of CMBR (0.7). The higher ratio of SMP p /SMP c induced less irreversible membrane fouling (Yao et al. ) , which demonstrated EMBRs could be more competitive in mitigating membrane fouling. The possible reason might be that the electric field slowed down the decomposition rate of bacteria for the lower concentrations of carbohydrate and protein into the mixed liquor. 
Subscript letters p and c in the words EPS and SMP are short for carbohydrate and protein.
The components of LB-EPS and TB-EPS were analyzed during normal operation periods. Table 3 shows that the LB-EPS and TB-EPS concentrations were both reduced in the two EMBR systems compared with CMBR, and no significant difference was observed between the two integrated systems. This demonstrated that the electric field could effectively eliminate the total EPS, which could be attributed to the impact of the electric field on the metabolism of the activated sludge. On the other hand, LB-EPS, as a more significant role of membrane fouling in MBRs (Liu et al. ) , was extracted and analyzed. Lower carbohydrates and lower protein concentrations in the LB-EPS were both observed in the two EMBR systems. In the EMBR(À), concentrations of carbohydrates (EPS c ) and proteins (EPS p ) in LB-EPS were 17.23 mg/g MLSS and 18.56 mg/g MLSS, respectively, implying 32.43% and 18.27% less than those of the CMBR (25.50 mg/g·MLSS and 22.71 mg/g·MLSS, respectively). LB-EPS concentrations of the EMBR(À) decreased by 25.76% compared with that of the CMBR. Excessive EPS in the form of LB-EPS would weaken the floc strength and result in poor bioflocculation and bad sludge-water separation. In the TB-EPS, similar results were also achieved by comparing EMBRs with the CMBR. In short, the EPS and SMP secretion process by microorganisms could be restrained by appending an electric field to the reactor, which should be considered as another reason contributing to R ir reduction for the combined system compared with the CMBR. The electrophoresis force did well in explaining the trend of TMP and operating time, but it also showed some inadequacies in explaining variations of Rir, EPS and SMP, especially the EMBR(þ) performance in the study. Khalid & Maria () suggested that activated sludge was modified through applying a suitable electric field. Thus, apart from electrophoresis forces, it could also be inferred that sludge modification played an important role in reducing the concentrations of SMP and EPS. The performance of EMBR(þ), which had the shortest running time and the fastest rising rate of TMP with lower Rir, SMP and EPS concentrations, revealed to us that sludge modification was weaker than that of electrophoresis forces.
In order to clarify the mechanisms of membrane fouling mitigation and explore deeply sludge modification in the EMBR, the zeta potential and PSD in the three systems were investigated.
Sludge aggregation has been reported as one of the sludge characteristics influencing membrane fouling potential (Yu et al. ) . Zeta potential, one of the significant factors of membrane fouling and related to particle size (Ofir et al. ) , is required to be investigated. The zeta potential of sludge in the aeration tanks of EMBR(À), EMBR(þ) and CMBR averaged À17.8 mV, À18.5 mV and À22.2 mV, respectively. This suggested that the activated sludge was modified through applying a suitable electric field (Khalid & Maria ) . Furthermore, the results of the two combined systems were similar, indicating that the electric field direction had a marginal effect on sludge characteristics. According to the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory, a sludge suspension with low zeta potential (absolute value) has a strong aggregation tendency. Low zeta potential (absolute value) leads to large flocs, since a lower zeta potential (absolute value) presents less negative charges (Tian et al. ) . Sludge particles with less negative charge have lower repulsion and the interspace between each particle was closer, so they could easily assemble into larger particles. Figure 6 delineates the PSD measurement carried out at the end of the experiment. The PSD of the two integrated systems showed significant shifts to large flocs compared with the CMBR. The median volumetric diameters (d 50 ) of the three systems were 216.6 μm, 163.5 μm and 137.9 μm, respectively. The apparent increase in the particle size of the sludge could be observed compared with a previous study (Khan et al. ) . Moreover, the increasing magnitude of the EMBR(À) system was superior to the EMBR(þ) system. Based on the above analyses, electrophoresis and electric attraction/ repulsion against particles produced by the electric field reduced the membrane fouling rate by inducing a concentration gradient for sludge movement in the MBR. Moreover, aeration as a crucial factor affecting floc size (De Temmerman et al. ) should be taken into consideration. As an aeration stone was installed in the centre of the reactor bottom in this study, the flocs with higher density in the centre of the EMBR(þ) were more easily dispersed by the bubbles compared with those in the EMBR(À). Nevertheless, these results clearly showed that the applied electric field played a crucial role in the enhanced biocoagulation.
Another theory described zeta potential as mainly resulting from the change in EPS concentration, and they were in inverse proportion (Meng et al. ) . Thus, a lower EPS concentration will result in a lower zeta potential, which increases PSD. Accordingly, sludge modification (including EPS and zeta potential, PSD) is a kind of electric field enhanced biological flocculation. Enhanced bioflocculation has a positive effect on the reduction of zeta potential (absolute value) and EPS concentration as well as the increase in sludge particle size. However, in this study, the enhanced bioflocculation exerted a weaker influence on membrane fouling alleviation than the electrostatic attraction/repulsion conducted according to the discussion presented above.
CONCLUSIONS
A new type of cost-effective EMBR integrated system was developed for simultaneous membrane fouling mitigation and improvement of effluent qualities, permitting a novel application of low power generated by MFC. Significant improvements in COD and NH þ 4 ÀN removal were obtained, which indicated that microbial activity and degradation ability of activated sludge could be enhanced in two integrated systems with absolutely antipodal electric field directions. The R ir of fouled membranes in both combined systems obviously decreased compared with that of CMBR. In addition, sludge modification (including EPS and zeta potential, PSD) was observed, which was caused by enhanced bioflocculation by the electric field. All these results demonstrated that the two critical factors, enhanced bioflocculation and electrophoresis forces, remarkably influenced membrane fouling mitigation in EMBR(À). Additionally, the enhanced bioflocculation exerted a weaker influence on membrane fouling alleviation than that the electrostatic attraction/repulsion conducted. Overall, effluent qualities and filterability were improved in the combined EMBR(À) system, with low energy consumption compared with previous studies. Nevertheless, the underlying membrane fouling mechanism in the complex sludge system has not been clarified thoroughly and an in-depth study should be further carried out.
